We experimentally demonstrate the all-dielectric zero-index photonic crystal on silicon chip, which is functionalized by a plane-concave lens with photonic Dirac cone at near-infrared wavelength.
Optical complex materials offer unprecedented opportunity to engineer fundamental band dispersion which enables novel optoelectronic functionality and devices. Exploration of photonic Dirac cone at the center of momentum space has inspired an exceptional characteristic of zero-index, which is similar to zero effective mass in fermionic Dirac systems. Such all-dielectric zero-index photonic crystals provide an in-plane mechanism such that the energy of the propagating waves can be well confined along the chip direction. To date, nanorod-array structure is the exclusive way to realize all-dielectric zero-index photonic crystal in optical frequency regime. How to sufficiently confine the propagation wave in the plane of periodicity is a practical challenge for rod-slab structures. The first implementation at nearinfrared (NIR) wavelength has been fabricated by alternating silicon/silica layers to mimic infinite rods, a smart and highly-customized method. Another metal-dielectric-metal strategy has been proposed afterwards for the on-chip realization of zero-index photonic crystal in a small-area sample size. As the all-dielectric zero-index response is based on the collective effects (e.g. Bragg scattering) of photonic crystals, a well-performed device is in need of large-area size so as to functionalize the zero-index properties. This is why we prefer large-area device. In this work, we utilize concave lens to characterize the mechanism of zero-refractive-index media and generate a ultralow longitudinal-sphericalaberration(LSA) device.
We design the zero-index lens with by using silicon nanopillars array, as shown in Fig. 1(a) . The collimated beam will be convergent with low LSA near the curvature center after propagating through the optical lens. As the propagating waves operate in the plane of chip, it is compatible to integrate the low-LSA lens with other photonic devices. Note that the nanopillars are arranged in square lattice, some of which are removed to form the concave profile. Figure 2 (b) gives the details of silicon rods with the refractive index of 3.42, the lattice constant of 818 nm and the rod diameter of 335 nm. The bulk band structure corresponding to zero-index photonic crystal with infinite height is plotted in Fig. 2 
(c). Photonic
Dirac cone can be observed at the center of the Brillouin zone where the two branches (red and blue) with conical dispersion intersect a flat quasi-longitudinal band (green) at the Dirac wavelength of λ = 1490 nm. Such degenerate point can be mapped as double-zero-index behavior.
In fact, the optical properties of the zero-index lens will deviate from those predicted in 2D model as the height of the realistic nanopillars is finite along out-of-plane direction. Such deviation may be recovered when the nanopillars are high enough.the optical properties of the fabricated device will deviate from 2D system due to the finite height of pillars along out-of-plane axis. In order to better understand this issue, we show the transmission spectra in (λ, ) plane for finite thick PC array in Fig. 1(d) . Such conical-shaped spectrum is well consistent with the 2D bulk band in Fig. 1(c) , indicating that the optical response of the wavelength-order-thickness planar system is almost equivalent to that of the 2D zero-index photonic crystal. in Fig. 2(e) . It is good agreement with the trends of effective medium theory (red dash curve). As predicted by the band theory in Fig. 1(c) , we find the effective refractive index is very close to zero ( 0.047 0.017  
) at the Dirac wavelength of 1490 nm. Such zero-index concave lens will have low longitudinal spherical aberration caused by the difference between the focal spots of the paraxial and the off-axial light. We also plot the value of LSA in both theory and experiment in Fig. 2(f) . At the Dirac wavelength of 1490 nm, the measured LSA decreased to 28.3 3.7   dB, at least 10 dB less than the other wavelengths. Such dip in LSA spectrum is relative to zero-index behaviors. These results verify 
